Background: Early detection and treatment of chronic kidney disease (CKD) is important for slowing progression to renal failure and preventing cardiovascular events, but CKD is often not recognized and patients are referred to nephrologists too late for timely management. Automated laboratory reporting of estimated glomerular filtration rate (eGFR) has been introduced in many health systems to improve CKD recognition, but its impact on large, USbased health systems remains unclear.
T he early detection and treatment of chronic kidney disease (CKD) is important for slowing progression to endstage renal disease and preventing cardiovascular events. [1] [2] [3] However, opportunities for timely intervention are often missed when CKD is not recognized and patients are referred to nephrologists too late. 1, 4 Automated laboratory reporting of estimated glomerular filtration rate (eGFR), a measure of kidney function based on an algorithm of patient's serum creatinine and demographic characteristics, has been introduced in many health systems to improve CKD recognition. Despite clinical guidelines promoting the use of eGFR in practice [5] [6] [7] and increased implementation of eGFR reporting, 8 the impact of eGFR reporting on health systems' CKD management remains unclear.
Evaluations of automated eGFR reporting have assessed the impact in large, population-based samples of national health care systems outside of the United States and small clinical practices in the United States. 8 However, the impact of eGFR reporting in large US integrated health systems is unknown. A detailed examination of how automated eGFR reporting impacts recognition of CKD has important implications for health systems' capacity to treat CKD patients and may better inform refinements to optimize the use GFR reporting for CKD prevention and disease management efforts.
The Veterans Health Administration (VHA) is the nation's largest integrated health care system, and the prevalence of CKD among veterans is 30% greater than among the general population. 9 In 2004, the VHA National Pathology and Laboratory Service mandated that all Veterans Affairs medical centers (VAMCs) install software that allowed their laboratory reporting systems to provide eGFR values from serum creatinine measures. Implementation of the mandate was decentralized, such that each VAMC independently determined when to activate this reporting feature as part of their standardized laboratory reporting. 10 We hypothesized that the implementation of systematic reporting of eGFR would increase the rate of documented diagnoses of CKD in the electronic medical record (defined as eGFR < 60 mL/min/1.73 m 2 or CKD stages 1-5), diagnostic testing, and outpatient nephrology visits across the VHA. Results from this large national sample may inform future allocation of resources (ie, nephrology units and staffing for consultation) and efforts to improve initial screening and evaluation of CKD in large health systems. 11 
METHODS

Study Design, Data Sources, Population
We used a time-series analysis to examine changes in renal care services and CKD recognition across VAMC facilities in 2000-2009. The study sample and system-level outcomes were drawn from health system and patient-level data in the VA Decision Support System's Laboratory Results National Data Extract, National Patient Care Database Patient Treatment File for inpatient care, and Outpatient Care (OPC) files. The institutional review board of the Durham VAMC approved this study.
VA facility laboratories implemented eGFR reporting, which uses the Modification of Diet in Renal Disease equation, 12 from 2.5 months to 4 years after the VHA mandate on July 2004. 10 We accounted for facility-specific initiation and eGFR reporting patterns in determining pre-eGFR and post-eGFR reporting periods, where time zero is defined as the end of the pre-reporting and beginning of the postreporting periods of interest at each VAMC laboratory. Pre-eGFR and post-eGFR reporting periods varied across VAMCs, reflecting a range of reporting patterns. 10 The study sample consisted of VHA community-based outpatient clinics or VAMCs with available laboratory data. VHA facilities that did not have their own clinical laboratories (44 facilities) and independent VHA facilities (eg, skilled nursing facilities, rehabilitation centers, and domiciliaries) were excluded. In addition, facilities were excluded from analysis if there was a gap in time-series data >2 months in duration or if they did not have complete laboratory data at least 24 months in the pre-eGFR period or at least 12 months of post-eGFR reporting period laboratory data.
Measurements
We created monthly time-series data for each included VA facility. Consistent with previous studies, 13, 14 the primary outcomes of interest were monthly rates of (1) outpatient nephrology visits (identified through VHA encounter codes); (2) outpatient diagnoses of CKD stages 1-5 in the patient medical record (ICD-9-CM diagnosis codes 250.4, 250.40, 504.1, 250.42, 504.3, 582.x, 583.x, 586.x, 587.x, 403.x, 404.x, and 585.x); and (3) utilization of relevant CKD diagnostic procedures (urine microalbumin and kidney ultrasound). In VA facilities, diagnostic codes for outpatient encounters are entered by physicians associated with the visit rather than by coders or billing specialists. 15 Rates were defined as counts per 10,000 in the general outpatient population per month. We present both overall rates and first (or initial) rates for each outcome. Diagnosis and utilization outcomes were defined as "first" if obtained for the first time ever or the first time in 4 years. These outcomes were chosen because they serve as proxies for disease identification (eg, diagnosis) or represent an active response (eg, testing to evaluate CKD or nephrology consultation), and therefore greater recognition of CKD in response to eGFR reporting. All outcomes were identified from procedural and diagnosis codes found in administrative records from OPC files.
Analysis
For each VAMC facility, each time series was interrupted at some point by the implementation of automated eGFR reporting by their affiliated VAMC laboratory. We analyzed these interrupted time-series data using a segmented regression analysis, 16 to assess the effect of eGFR reporting and account for secular time trend and underlying trends on our facility-level outcomes. All time series started 24-48 months before and continued up to 36 months after implementation of automated eGFR reporting, but were subject to censoring (ie, study dates of January 2000 and December 2009). Time was measured in months and because implementation dates varied by facility, the last month of each VAMC facility laboratory's pre-eGFR reporting period was considered time zero.
With each facility's monthly time series as the dependent variable, we applied the general model in separate analyses:
where Y t is the time-series value at time t. Explanatory variables included a variable for time, an indicator for the post-eGFR reporting period, and an interaction term between time and the post-eGFR reporting period. The post-eGFR reporting indicator allowed the estimated trend lines to be discontinuous at the time of eGFR reporting implementation. The interaction term allowed the slopes of the trend lines to vary before and after eGFR reporting implementation. As eGFR reporting in this natural experiment is an exogenous treatment (ie, available and exposed to all VA physician or patients), it is not likely to be confounded by provider or patient factors and thus, no further adjustment was made for confounding.
We estimated the regression models using hierarchical generalized linear model methods to enable simultaneous analysis of time-series data across multiple facilities within the VA health care system. Models specified an identity link with normally distributed errors to model effects on a linear, or absolute, scale. We allowed for site-specific variability around each of the parameters in the model
using random effects. This approach had the effect of accounting for autocorrelation between time-series values within each facility over time and resulted in conditional (within-facility) estimates of the effect of eGFR reporting. We report the parameter estimates for the average facility by assuming no random variation.
The impact of eGFR reporting was evaluated by assessing changes in the level and the slope of the outcome rates before and after eGFR reporting. A significant change in the level of the trend after eGFR reporting (b 2 ) indicates an immediate increase (or decrease) in the outcome rate following implementation. A significant change in the slope of the trend after eGFR reporting (b 3 ) indicates an increase (or decrease) in the rate of change of the outcome rate over time after automated eGFR reporting.
To evaluate the robustness of our findings, we also conducted additional analyses using Poisson regression as well as a weighted regression model, and the results were largely similar.
RESULTS
We identified 104 VHA VAMCs with laboratories that activated automated eGFR reporting between July 2004 and December 2008. Of these facilities, 97 (93%) had at least 24 months of data during the pre-eGFR reporting period and at least 12 months of data during the post-EGFR reporting period and were included in the main analysis. After implementation of automated eGFR reporting (Table 1) , mean rates of overall CKD diagnoses increased 74.2% (from 46.1 to 80.3 per 10,000 patients in the general VHA outpatient population), urine microalbumin testing increased 47.8% (109.8-162.3), overall kidney ultrasound procedures increased 21.2% (20-24.3), and overall nephrology visits increased 29.8% (29.2-37.9). Incident outcomes rates also increased: 24.7% for first CKD diagnoses (from 8.5 to 10.6), 57.5% for first urine microalbumin testing (29.9-47.1), 16 .7% for first kidney ultrasound procedures (13.8-16.1), and 20% for first nephrology visits (4.5-5.4). Figure 1 illustrates the short-term and long-term impacts of EGFR reporting in VA facilities, where the dotted line represents the expected trajectory of pre-eGFR trends, had eGFR reporting not been implemented. The impact of automated eGFR reporting by VAMC laboratories varied across outcomes (Table 2 ). Specifically, rates of CKD recognition through diagnoses in patient medical records increased significantly: for overall CKD diagnoses, there was an average increase of 11.4 of diagnosed patients per 10,000 in the general outpatient population per month (95% confidence interval, 5.3, 17.4, P < 0.001) and for first CKD diagnoses, we found an increase of 3.1 patients (95% confidence interval, 2.4, 3.9, P < 0.001) in the post-eGFR reporting period. The increase in CKD diagnosis rates was largely driven by increased diagnoses among older patients (Table 3 ). In our analyses of long-term trends, there was a sustained increase in CKD diagnoses up to 3 years after implementation of automated eGFR laboratory reporting. There was a small but significant increase in the slope of overall CKD diagnoses (Fig. 1) , indicating that the magnitude of growth in diagnosis rate in the medical record increased over time following automated eGFR reporting (P < 0.001). However, the decrease in the slope of first CKD diagnoses indicates diminishing growth of first CKD diagnoses in the medical record over time (P < 0.05).
Diagnostic testing to further characterize CKD with microalbumin and kidney ultrasound increased significantly (Fig. 1) . Although eGFR reporting did not have an effect on rates of microalbumin testing immediately after implementation of eGFR reporting (P = 0.29-0.50), we found long-term increases in total and first microalbumin testing rates across the VHA (P < 0.001). In contrast, overall and first kidney ultrasound facility rates increased approximately 2 patients per 10,000 general population per month (P = 0.01-0.04) and appeared to be driven by first ultrasound testing among patients between 60 and 79 years old (mean increase = 3.37-4.60, P = 0.001-0.002). However, the rate of increase in ultrasound testing did not change following eGFR reporting in the longer-term (P = 0.35-0.39).
Lastly, there was no association between estimated eGFR reporting and changes in general rates of overall and first outpatient visits with nephrologists ( Fig. 1) . However in subanalyses, rates of first nephrology visits among patients 60 years and older (P < 0.05) and women (P = 0.01) increased (Table 3 ).
DISCUSSION
This is the first study to examine the system-level impacts of automated eGFR laboratory reporting on changes in CKD recognition in the largest integrated health care system in the United States that serves a patient population particularly vulnerable to CKD. Although most prior studies examined eGFR reporting impacts on nephrology referrals and visits, 8 we capitalized on the VHA's national electronic medical record to examine an expanded list of modalities of CKD recognition. Our results suggest that eGFR reporting facilitated awareness and recognition of the presence of CKD in patients. Consistent with Wyatt's analysis of eGFR reporting in a single VA outpatient clinic, 17 we found automated eGFR reporting was associated with immediate system-level increases in overall and first CKD diagnostic coding. It is possible that CKD recognition varied by different levels of kidney function, but we were unable validate and examine the appropriateness of CKD staging in documented diagnoses because individual-level eGFR data could not be linked to patient records. However, there is no reason to believe that eGFR reporting would improve the accuracy of VA physician coding practices. And although the sensitivity of CKD diagnoses is generally poor, its specificity is usually high. 18, 19 Although few prior studies evaluated the impact of eGFR reporting on the use of diagnostic testing, we found growth in short-term utilization rates of overall and first kidney ultrasound testing and longer-term increases in overall and first microalbumin testing among VAMC outpatients. Our system-level findings may demonstrate appropriate provision of care in the VA system. The short-term "bump" and long-term "decline" in first CKD diagnoses coupled with the "bump" and "incline" in first microalbumin testing (Fig. 1 ) may reflect awareness of eGFR reported values and possible CKD, leading to confirmatory testing of CKD using microalbumin. Consequently, microalbumin results may indicate no further need for follow-up, which would then explain the modest impacts we found in rates of kidney ultrasound procedures and nephrology consultation. Further analyses conducted at the patient-level, tracking this potential confluence of outcomes in patients before and after implementation of automated eGFR reporting, are needed to confirm this explanation.
Considering the significant increase in rates of CKD identification through diagnostic coding and testing, the modest overall impact of eGFR reporting on VAMC nephrology visits was surprising. Our findings stand in contrast with several notable increases in nephrology referrals that occurred after eGFR reporting in other vertically integrated health care settings including, Canada, 13, 20, 21 the United Kingdom, 22 and Australia. 23 Several factors may explain this difference. First, the VHA is a national system that provides varying amounts of care to a small segment of the US population, whereas publicly funded health care systems in other countries typically provide the majority of care to large segments of their populations. Accordingly, our study may not have captured all of the care episodes for VA patients who may have received disease management by generalist physicians (eg, VA primary care physicians) or health care services outside of the VHA. Second, the VHA operates in a fixed resource environment that may leave local VAMCs with limited capacity to schedule follow-up nephrology consultations. Although resource constraints have been noted for some aspects of VA care, 24 its contribution to effective evaluation of CKD is not known.
However, our subgroup analyses found important differences in eGFR reporting impacts on rates of the VA system's overall and first CKD outcomes that deserve greater attention. While many of the "all" nephrology consultations may reflect monitoring of patients with CKD who have already been referred to a nephrologist, it is important to highlight eGFR reporting effects on the more serious and important "first" visits. In particular, the greater eGFR impacts on increased rates of first nephrology visits among older veterans (aged 60 and older)-are an important patient subpopulation that may have been previously underdiagnosed and untreated for CKD.
To advance CKD care beyond greater CKD recognition alone, appropriate follow-up evaluations and consultation are often necessary to confirm the presence and severity of CKD, and to develop appropriate strategies for disease management. 25 Altogether, our results identify modest system-level responsiveness after automated eGFR reporting that may reflect the relative ease of CKD documentation in patient medical records and follow-up diagnostic evaluation. However, we did not identify a strong and consistent system-level response with increases in nephrology consultation, suggesting that the impact on disease management may have been limited, and signaling opportunities for improvement in management of CKD across the VHA. The extent to which such lessons apply to other health care systems remains unknown, but plausible. Without greater improvements in the recognition and specialty management of CKD, health care systems risk hastening patient progression to life-threatening and costly outcomes including kidney failure and cardiovascular events. Despite the strengths of examining the system-level impact of eGFR reporting in over 100 centers across the United States, our study has some limitations. First, the study was limited to OPC financed by the VA. To the extent that patients had limited access to VA services, received earlystage disease management from VA primary care providers, or received diagnostic tests and nephrology consultation from non-VA providers, our results may underestimate the impact of eGFR reporting on CKD detection. Second, when evaluating facility-level nephrology visits, we were unable to distinguish between appropriate and inappropriate referrals 26 or evaluate wait times to assess whether VAMC resource constraints limited access to nephrologists. Finally, it is unclear whether identification of CKD by diagnostic code results in improved outcomes such as timely referral to specialty care or appropriate medication dosing and use. Future research may examine eGFR's impacts on the disease management and treatment at the patient level.
In summary, implementation of eGFR laboratory reporting in the largest integrated health care system in the United States represents a promising strategy to increase CKD detection. However, additional steps will be necessary *A significant change in the level of the trend after eGFR reporting indicates an immediate increase (or decrease) in the outcome rate following implementation. A significant change in the slope of the trend after eGFR reporting indicates an increase (or decrease) in the rate of change of the outcome rate over time following implementation. for such improvements in disease recognition to translate to improvements in CKD prevention and disease management. Future research should examine the extent to which health care providers prioritize and act upon laboratory-related clinical information in their treatment decisions. Given the high burden of CKD among veterans, greater efforts to identify and provide timely treatment to those with CKD will be necessary to effectively reduce the large burden of disease and its associated complications.
